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Polar POLICRYPS Diffractive Structures Generate Cylindrical Vector Beams 
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Local shaping of the polarization state of a light beam is appealing for a number of applications. This can be 
achieved by employing devices containing birefringent materials. In this article, we present one such device 
that permits one to convert a uniformly circularly polarized beam into a cylindrical vector beam (CVB). This 
device has been fabricated by exploiting the POLICRYPS photocuring technique. It is a liquid-crystal-based 
optical diffraction grating featuring polar symmetry of the director alignment. We have characterized the 
resulting CVB profile and polarization for the cases of left and right circularly polarized incoming beams. 
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The spatial modulation of the optical axis orientation 
of a birefringent material can be employed to build novel 
devices capable of locally modify the state of polarization 
(SOP) of a light beam. For example, a light beam enter¬ 
ing such a device with uniform polarization can exit with 
a tunable SOP that is spatially variable over the beam 
area. This holds the promise of exploiting novel effects 
and phenomena that can expand the functionalities and 
enhance the capabilities of optical systems. In fact, this 
is the core of Tabiryan’s idea for optics of the 4^^ gener¬ 
ation^, following optics based on simple shape (I®^ gen¬ 
eration), refractive index (2^*^ generation) and effective 
birefringence (3^*^ generation). As this kind of devices 
shape the SOP of a beam, we will call them polarization 
shapers, or polshapes. In this article, we report on the 
design and realization of a specific polshape that is able 
to convert a circularly polarized beam into a cylindrical 
vector beam (CVB). 

CVBs are vector solutions of Maxwell’s equations that 
obey axial symmetry in amplitude, phase and polariza¬ 
tion^’^. As shown in Fig. I, the simplest I®^-order CVBs 
can be expressed as the superposition of two ortogonally 
polarized I®^-order Her mite-Gaussian (HG) beams^. A 
radially polarized CVB is obtained as (Fig. la) 

^Uix,y,z) = HGioix, y, z)x + RGoiix, y, z)y , (1) 

and an azimuthally polarized CVB as (Fig. Ib) 

Ea y, z) = HGio(a;, y, z)x - HGoi(a;, y, z)y . (2) 



FIG. I. (Color online) Cylindrical vector beams (CVBs). (a) 
Radially and (b) azimuthally polarized I®^-order cylindrical 
vector beams can be considered as the linear superposition 
of orthogonally polarized I®^-order Hermite-Gaussiam beams, 
(c) A hybrid CVB can be obtained as the superposition of a 
radial CVB and an azimuthal CVB. The arrows represent the 
local direction of the polarization vector. 


Also other I®^-order CVB exist, e.g., a superposition of 
the radial and azimuthal CVBs leads to the hybrid CVB 
shown in Fig. Ic. The interest in CVBs arose mainly 
because of their unique focusing properties due to their 
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polarization symmetry^’^. A radially polarized CVB can 
be focussed into a tighter spot^’^ when compared to a 
Gaussian beam, while the focus of an azimuthally polar¬ 
ized GVB has a donut shape. This has been exploited, 
e.g., in optical trapping^, where radial GVBs have been 
used to trap metallic particles^’and azimuthal GVBs 
to trap particles with dielectric constant lower than that 
of the ambient medium^. Switching between radial, az- 
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imuthal and hybrid polarization can be done using two 
half-wave plates^^’^^. Various alternative methods have 
been proposed to produce CVBs including: a double¬ 
interferometer configuration to convert a linearly polar¬ 
ized laser beam into a radially polarized one^^; a radial 
analyzer consisting of a birefringent lens^^; a surface- 
emitting semiconductor laser^^; a space-varying liquid 
crystal cell^^; the summation inside a laser resonator of 
two orthogonally polarized TEMqi modes^^; the excita¬ 
tion of a few-modes optical fiber with an offset linearly 
polarized Gaussian beam a space-variant dielectric 
subwavelength grating^^; a few-modes fiber excited by a 
Laguerre-Gaussian beam^^; a conical Brewster prism^^; 
and a Sagnac interferometer^^. 



FIG. 2. (Color online) Micrographs of a POLICRYPS pol- 
shape with radial symmetry. All the images are acquired 
with a polarized optical microscope between crossed polar¬ 
izers and represent the same sample but at different magnifi¬ 
cations. The yellow/light grey rings are the polymeric circles 
and the dark grey rings are the aligned LC regions. 

We have realized the CVB polshape employed in this 
work by the one-step POLIGRYPS photocuring tech¬ 
nique described in detail in Refs. 21-23. The fabricated 
sample is a polar diffractive structure that contains a 
polymeric support structure and a birefringent material, 
i.e., liquid crystals (LGs), whose optical axis is radially 
oriented. This radial symmetry matches the cylindrical 
symmetry of CVBs (see Fig. 1) and, thus, led us to ex¬ 
pect that such polshape could generate a CVB. The exact 
fabrication procedure is reported in Ref. 24. In brief, we 
have followed the ensuing steps: 

1. A curing laser-light pattern with the shape of con¬ 
centric rings induces phase separation between the 


polymer and LC molecules. The resulting forma¬ 
tion of polymeric rings replicates the light pattern 
and drive the diffusion of LC molecules in the re¬ 
gions comprised between rings. 

2. The photocuring process takes place at high tem¬ 
perature (e.g., above the nematic-isotropic tran¬ 
sition temperature of the LCs) as in a typical 
POLICRYPS fabrication procedure^^. This en¬ 
sures that the LCs do not separate in droplets but 
remains homogeneous between the polymeric rings 
and their directors orient perpendicularly to the 
rings in a radially symmetric configuration. 

Some micrographs of the obtained structure are reported 
in Fig. 2. All images represent the same sample, but 
at different magnifications, as observed at the polarized 
optical microscope between crossed polarizers. The Mal¬ 
tese cross confirms the expected radial alignment of the 
LC molecules between the polymeric rings of the pol- 
shape^^’^^. Interestingly, the high magnification detail 
of the center (Fig. 2c) reveals the contrast between the 
polymeric circles (yellow/light grey rings) and the aligned 
(dark grey) LC regions. 


P QWP POLICRYPS Camera 



FIG. 3. (Color online) Setup employed to generate CVBs 
using the POLICRYPS polshape. It includes a He-Ne laser 
source (633 nm), a linear polarizer (P), a quarter-wave plate 
(QWP), a POLICRYPS polshape, a lens, another (removable) 
polarizer (A) and a camera monted on a z-axis translation 
stage. 

The setup used to generate CVBs using our 
POLICRYPS polshape is shown in Fig. 3. The laser 
source is a He-Ne laser (633nm). The laser beam passes 
first through a plane polarizer (P) whose axis is parallel 
to the vertical ^-axis and a quarter wave plate (QWP) 
whose optical axis is kept at ±45° with the vertical axis; 
depending on the sign of this angle, the resulting light 
beam is either left circularly polarized (LCP) or right 
circularly polarized (RCP). Afterward, the beam under¬ 
goes diffraction passing through the characteristic ring 
structure of the POLICRYPS. Both the diffracted and 
transmitted beams are then focused onto a CCD camera 
by a lens. We remark that the part of the beam passing 
through the polymer rings does not undergo a change of 
polarization and propagates as a standard TEMqo Gaus¬ 
sian beam because the polymer rings are not birefringent 
(in fact, while some LC molecules can remain trapped 
in the polymer, they are not aligned); thus, the beam 
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FIG. 4. (Color online) CVBs generated using a POLICRYPS polshape illuminated with (a)-(f) a LCP Gaussian beam and 
(g)-(l) a RCP Gaussian beam, (a) and (g) show the resulting beams emerging from the polshape, focused by the lens and 
imaged by the camera (see setup in Fig. 3). (b)-(e) and (h)-(k) show the beams after an analyzer (i.e., a linear polarizer) 
oriented along the direction of the arrow, (f) and (1) depict the polarization states measured using Stokes parameters. 


emerging from the POLICRYPS is a superposition of 
a pure CVB generated by the LC fringes and the un¬ 
perturbed (Gaussian) beam coming through the polymer 
rings. This is a drawback in terms of both the quality of 
the generated CVB and the efficiency of the device. Nev¬ 
ertheless, the polymeric rings in the structure represents 
a real valuable advantage since they confine and stabilize 
the LC material, thus preserving the radial alignment 
even when the device is used with high-power lasers^^. 

We illuminated the polshape with a LCP polarized 
Gaussian beam obtained by adjusting the QWP at —45° 
with the vertical axis. This generated a diverging CVB, 
which we could image on a camera by using a lens. Plac¬ 
ing the camera at the focal plane of the lens we recorded 
the beam profile shown in Fig. 4a. We then proceeded 
to measure the components of the beams along various 
linear polarizations by placing the analyzer before the 
camera at different angles, i.e., 0°, 45°, 90° and 135° 
(Figs. 4b-e, the analyzer axis direction is shown by the 
white arrow in each panel). We finally used this infor¬ 
mation to infer the local (i.e., as a function of the coor¬ 
dinates over the beam profile) Stokes parameters^^’^^ /, 
Q, U and V, which completely describe the polarization 
state of a harmonic electromagnetic field. In fact, the po¬ 
larization ellipse which characterizes a generic harmonic 
electric field can be written as 

J2 = Q2 ^ [/2 + (3) 

where the Stokes parameters can be expressed in terms 
of the field components as 

^ / = El, + Ely 

Q — ^Ox ~ ^Oy 

U — ‘2tE{)xE{)y cos((i) 

, V = 2 F;o^F;o^ sin((i) 


where Eq^ and E^y are the amplitudes of the x- and y- 
components of the field, and 5 is their phase difference. 
These parameters can be represented as a linear combi¬ 
nation of the intensity values measured with the analyzer 
set at orthogonal polarizations, i.e., 

'I = Jo + /go 

Q = Iq — ^90 

U = hs- /l35 

. V = /rcp — /lcp 

where /q, / 45 , /go and /135 represent the measured in¬ 
tensity at each point for linear polarization of the ana¬ 
lyzer at 0°, 45°, 90° and 135°, respectively (Figs, 4b-e), 
and /rcp and /lcp the intensity obtained using a QWP 
instead of the analyzer set at —45° and +45°, respec¬ 
tively. The polarization angle of the beam is finally given 
by ^ arctan (V/Q) and shown in Fig. 4f. The resulting 
intensity and polarization show a cylindrical symmetry 
permitting us to identify this beam with a hybrid CVB 
(Fig. Ic). This hybrid CVB is the result of the interfer¬ 
ence between the radially polarized CVB diffracted by 
the POLICRYPS polshape and the undriffracted illumi¬ 
nating Gaussian beam trasmitted through the polshape. 
Similarly, when we illuminated the POLICRYPS pol¬ 
shape with a RCP Gaussian beam (obtained by adjusting 
the QWP at +45° with the vertical axis), we generated 
another hybrid CVB with the same intensity profile, but 
different polarization (Figs. 4g-l). 

Fig. 5 shows that the transversal intensity profile of the 
CVB generated by the POLICRYPS polshape is donut¬ 
shaped for a quite long path, i.e., at least for ± 10 mm 
around the focal plane of the lens. This measurement was 
perfomed by translating the camera (fixed on a single¬ 
axis translation stage) along the ^-direction and acquir¬ 
ing transversal images of the beam profile at 10 ym steps. 
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FIG. 5. (Color online) Propagation of the CVB generated by 
the POLICRYPS polshape. (a)-(f) transverse beam profiles 
in the a:y-plane at z = —25, —15, —5, 5, 15 and 25/xm from 
the focal plane of the lens (see reference system in Fig. 3). 
(g) and (h) beam profiles in the xz [y — 0) and yz [x — 0) 
planes. 


In conclusion, a cost-effective novel device has been 
realized that can locally modify the state of polarization 
of an incoming beam. This has been achieved by fabri¬ 
cating a birefringent (LC) plate with a specific (radial) 
orientation of the optical axis. This device allows 
the conversion of a (left or right) circularly polarized 
beam into a hybrid CVB. This beam can be further 
transformed into a pure radial or azimuthal CVB using 
two half-wave plates^^’^^. The generated CVB has been 
experimentally studied by characterizing its polarization 
and intensity profiles. We remark that the realized 
sample represents only one of the possible examples of 
novel active devices that can locally influence the state 
of polarization of a light beam. Moreover, considering 
that the birefringency of the LC material is electrically 
tunable, application of an external electric field to the 
device can turn the POLICRYPS polshape into an active 
device: the polarization shaping ability of the device 
can be easily controlled by a knob, up to the point to be 
modified in real-time or completely switched off at will. 
Experiments of this kind are at present ongoing and the 
novel possibilities we are actually exploring will be soon 
available. 
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